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Overview	
  
•  In	
  parallel	
  to	
  precision	
  measurements	
  of	
  Higgs	
  boson	
  couplings,	
  searches	
  

for	
  non-­‐SM	
  Higgs	
  decays	
  reach	
  unprecedented	
  sensiBvity	
  at	
  the	
  LHC	
  

•  Searches	
  for	
  H(125)àeτ/µτ	
  decays	
  are	
  the	
  most	
  sensiBve	
  probes	
  of	
  Yeτ/µτ	
  	
  
–  Experimental	
  challenges:	
  large	
  backgrounds,	
  poor	
  reconstructed	
  mass	
  resoluBon	
  

•  Searches	
  for	
  H(125)àeµ	
  also	
  performed	
  at	
  the	
  LHC:	
  
–  Very	
  good	
  mass	
  resoluBon	
  but	
  huge	
  backgrounds	
  

•  Searches	
  for	
  LFV	
  decays	
  of	
  lighter	
  or	
  heavier	
  Higgs	
  bosons:	
  
–  	
  LHCb	
  contributes	
  at	
  low	
  mass,	
  ATLAS	
  and	
  CMS	
  at	
  high	
  mass	
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H(125)àeτ/µτ

CMS,	
  36	
  Z-­‐1	
  at	
  13	
  TeV:	
  arXiv:1712.07173	
  
	
  

ATLAS,	
  36	
  Z-­‐1	
  at	
  13	
  TeV:	
  arXiv:1907.06131	
  



Signature	
  
•  ProducBon:	
  

–  ggH	
  or	
  VBF	
  

–  VBF:	
  select	
  2	
  jets	
  with	
  large	
  mass	
  
and/or	
  large	
  pseudorapidity	
  
difference	
  

•  Decay:	
  
–  τà	
  τe,	
  τµ,	
  or	
  τh	
  

–  e	
  +	
  τe	
  and	
  µ	
  +	
  τµ	
  not	
  studied	
  because	
  
of	
  large	
  Zàee/µµ	
  bkg	
  

–  e+τµ:	
  electron	
  expected	
  to	
  be	
  harder	
  
–  µ+τe:	
  muon	
  expected	
  to	
  be	
  harder	
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Background	
  composiBon	
  
•  Final	
  states	
  with	
  a	
  τh	
   •  e+µ	
  final	
  state	
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Zàττ:	
  
Taken	
  from	
  data	
  with	
  
data-­‐driven	
  correcBons	
  
(Z	
  pT	
  spectrum,	
  CR	
  for	
  
normalizaBon,	
  …)	
  

-bar:	
  
SimulaBon,	
  
normalizaBon	
  from	
  CR	
  
for	
  ATLAS	
  

Jetàτh	
  fakes:	
  
Mostly	
  QCD	
  and	
  W+jets	
  
Data-­‐driven	
  

Zàee/µµ:	
  
e/µ	
  mis-­‐ID	
  as	
  1-­‐prong	
  τh	
  
Peaking	
  close	
  to	
  signal	
  
From	
  simulaBon	
  



ReconstrucBng	
  τh	
  candidates	
  at	
  CMS	
  
Neutral	
  pions	
  reconstructed	
  from	
  
strips	
  of	
  energy	
  deposit	
  in	
  the	
  
electromagne5c	
  calorimeter	
  

τ

π+	
  

π0	
  

γ

e+	
  

e-­‐	
  

1	
  track	
  

1	
  strip	
  

Charged	
  hadrons	
  
reconstructed	
  by	
  
tracks	
  
	
  

•  CombinaBon	
  of	
  1	
  or	
  3	
  tracks	
  
with	
  or	
  without	
  strips	
  

•  	
  Decay	
  modes	
  =	
  1	
  prong,	
  1	
  
prong	
  +	
  π0,	
  3	
  prongs	
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IdenBfying	
  τh	
  candidates	
  at	
  CMS	
  
•  MVA	
  idenBficaBon	
  to	
  reject	
  quark/

gluon	
  jet	
  à	
  τh	
  fakes,	
  based	
  on:	
  
–  Isola:on	
  variables	
  (jets	
  are	
  

surrounded	
  by	
  more	
  hadronic	
  
acBvity)	
  

–  Life:me	
  variables	
  (taus	
  are	
  
displaced)	
  

	
  
•  ~50%	
  efficiency	
  for	
  real	
  τh,	
  ~0.2%	
  

misidenBficaBon	
  rate	
  for	
  jets	
  

Isola:on	
   Life:me	
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jetàτh	
  background	
  esBmaBon	
  
•  Mostly	
  W+jets	
  and	
  QCD	
  mulBjet	
  events	
  

•  EsBmated	
  from	
  events	
  where	
  the	
  τh	
  passes	
  some	
  
loose	
  isolaBon	
  but	
  not	
  the	
  Bght	
  working	
  point	
  
used	
  in	
  the	
  SR	
  (“anB-­‐isolated”)	
  

•  Probabability	
  for	
  jets	
  passing	
  the	
  loose	
  isolaBon	
  to	
  
pass	
  the	
  Bght	
  one	
  measured	
  in	
  Zàµµ	
  +	
  jets	
  
events,	
  used	
  to	
  reweigh	
  anB-­‐isolated	
  events	
  to	
  
predict	
  bkg	
  in	
  signal	
  region	
  

•  Validated	
  in	
  various	
  control	
  regions	
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DiscriminaBve	
  variables	
  
•  Leading	
  lepton	
  pT	
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Signal:	
  prompt	
  lepton	
  
Zàττ:	
  lepton	
  from	
  τ	
  decay	
  
QCD:	
  fake	
  lepton	
  

•  Collinear	
  mass	
  

Supposes	
  visible	
  tau	
  and	
  ν	
  are	
  
aligned	
  
Unbiased	
  Z/H	
  mass	
  esBmator	
  

•  Δφ(l1,MET)	
  

Signal:	
  MET	
  from	
  1	
  τ	
  decay,	
  
opposed	
  to	
  lepton	
  
Zàττ:	
  both	
  taus	
  create	
  MET	
  



DiscriminaBve	
  variables	
  
•  τh	
  pT	
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Larger	
  jetàτh	
  
misidenBficaBon	
  at	
  low	
  pT	
  

•  mT(l1,MET)	
  

Signal:	
  MET	
  from	
  τ,	
  peak	
  below	
  H	
  mass	
  
Zàττ/fake:	
  limited	
  MET	
  
Top:	
  large	
  MET	
  wo	
  correlaBon	
  with	
  l1	
  

+	
  plenty	
  of	
  other	
  
variables,	
  with	
  
different	
  degrees	
  
of	
  correlaBon…:	
  
	
  
MET,	
  DR	
  between	
  
the	
  objects,	
  jet	
  
kinemaBcs,	
  lepton	
  
kinemaBcs,	
  …	
  



Analysis	
  strategy	
  
•  ATLAS	
  way:	
  

–  Make	
  2	
  signal	
  regions:	
  VBF-­‐like	
  (2	
  
jets	
  with	
  high	
  mass	
  and	
  large	
  η	
  
separaBon)	
  

–  Cut	
  on	
  some	
  variables	
  to	
  create	
  2	
  
orthogonal	
  background	
  control	
  
regions	
  (top,	
  Z)	
  

–  Train	
  BDT	
  and	
  simultaneously	
  fit	
  
BDT	
  output	
  in	
  SRs	
  with	
  CRs	
  

•  CMS	
  way:	
  
–  Make	
  4	
  signal	
  regions	
  based	
  on	
  

number	
  of	
  jets	
  	
  
–  Train	
  BDT	
  and	
  fit	
  BDT	
  output	
  

(MVA-­‐approach)	
  
–  Or,	
  alternaBvely,	
  apply	
  Bghter	
  

selecBon	
  criteria	
  and	
  fit	
  
reconstructed	
  Higgs	
  mass	
  (cut-­‐
based	
  (CB)	
  approach)	
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VBF	
  SR	
   Non-­‐VBF	
  
SR	
   Top	
  CR	
   Zàττ	
  CR	
   0	
  jet	
   1	
  jet	
   2	
  jets	
  non-­‐

VBF	
   2	
  jets	
  VBF	
  



ATLAS	
  final	
  distribuBons	
  (µτ)	
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µτe,	
  non-­‐VBF	
   µτe,	
  VBF	
   µτh,	
  non-­‐VBF	
   µτh,	
  VBF	
  

Large	
  :bar	
  bkg	
  High	
  
signal	
  purity	
  at	
  high	
  
BDT	
  score	
  	
  

Mixture	
  of	
  mis-­‐ID	
  (	
  =	
  	
  
QCD,	
  W,	
  semi-­‐leptonic	
  
:bar),	
  Zàττ,	
  :bar,	
  VV	
  

High	
  signal	
  purity	
  at	
  
high	
  BDT	
  score	
  	
  
Remaining	
  mis-­‐ID	
  

Mixture	
  of	
  mis-­‐ID	
  (	
  =	
  
QCD,	
  W)	
  and	
  Zàττ	
  



CMS	
  distribuBons	
  (µτ,	
  CB	
  analysis)	
  

13	
  

µτh,	
  0	
  jet	
   µτe,	
  0	
  jet	
   µτh,	
  1	
  jet	
   µτe,	
  1	
  jet	
  

µτh,	
  2	
  jets,	
  
non-­‐VBF	
  

µτe,	
  2	
  jets,	
  
non-­‐VBF	
  

µτh,	
  2	
  jets,	
  
VBF	
  

µτe,	
  2	
  jets,	
  
VBF	
  



SystemaBcs	
  (ATLAS)	
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Object	
  reconstrucBon,	
  up	
  
to	
  10%	
  for	
  complex	
  objects	
  

SystemaBc	
  uncertainBes	
  
dominate,	
  but	
  some	
  scale	
  
with	
  luminosity	
  

Bkg	
  and	
  signal	
  predicBon,	
  
from	
  data	
  or	
  simulaBon	
  



Hàeτ	
  results	
  

•  a	
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CMS	
  MVA-­‐results	
  shown	
  
	
  
CB	
  results	
  worse	
  by	
  a	
  
factor	
  of	
  ~2	
  



Hàµτ	
  results	
  

•  a	
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CMS	
  MVA-­‐results	
  shown	
  
	
  
CB	
  results	
  worse	
  by	
  a	
  
factor	
  of	
  ~2	
  



Results	
  in	
  terms	
  of	
  Ylτ	
  	
  
•  Results	
  on	
  BR	
  can	
  be	
  

converted	
  to	
  results	
  in	
  
the	
  Ylτ-­‐Yτl	
  plane	
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Direct	
  searches	
  for	
  τà3µ	
  
and	
  τàµ/e	
  γ	
  much	
  less	
  
sensiBve	
  to	
  Ylτ/Yτl	
  	
  

Yukawa-­‐like	
  relaBonship	
  	
  
|Yμτ	
  Yτµ|	
  =	
  (mµ	
  mτ)	
  /	
  v2	
  	
  



What	
  to	
  expect	
  in	
  the	
  near	
  future?	
  
•  No	
  LFV	
  Higgs	
  result	
  based	
  on	
  the	
  full	
  Run-­‐2	
  dataset	
  (x	
  4	
  luminosity)	
  …	
  yet	
  
•  But	
  conclusions	
  can	
  be	
  drawn	
  from	
  SM	
  Hàττ	
  analysis	
  (CMS-­‐PAS-­‐HIG-­‐19-­‐010)	
  

–  Significance	
  increased	
  from	
  5	
  to	
  10	
  sigmas:	
  larger	
  improvement	
  than	
  luminosity	
  scaling.	
  	
  How?	
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Embedded	
  Zàττ	
  samples:	
  
	
  
Zàµµ	
  events	
  in	
  data,	
  
reconstructed	
  muons	
  
replaced	
  by	
  simulated	
  taus	
  
ReducBon	
  of	
  experimental	
  
and	
  theoreBcal	
  
uncertainBes:	
  jet-­‐related	
  
variables,	
  MET,	
  Z	
  pT,	
  …	
  

Hadronic	
  tau	
  idenBficaBon:	
  
	
  
Deep	
  neural	
  network	
  
training	
  reduces	
  the	
  fake	
  
background	
  by	
  a	
  factor	
  of	
  ~2	
  
for	
  a	
  same	
  efficiency	
  



What	
  to	
  expect	
  in	
  the	
  far	
  future?	
  
•  3000	
  Z-­‐1	
  at	
  the	
  HL-­‐LHC	
  
•  No	
  dedicated	
  projecBon	
  but	
  resources	
  from	
  YR	
  (arXiv:1902.00134)	
  

•  SystemaBc	
  uncertainBes	
  in	
  object	
  reconstrucBon	
  reduced	
  (back-­‐up)	
  
•  Expected	
  improvements	
  in	
  background	
  esBmaBon	
  methods	
  because	
  of	
  larger	
  staBsBcs	
  
•  Expected	
  improvement	
  in	
  theory	
  uncertainBes	
  (mostly	
  for	
  the	
  signal)	
  
•  With	
  larger	
  staBsBcs	
  and	
  many	
  years	
  ahead	
  of	
  us,	
  very	
  likely	
  to	
  improve	
  the	
  analysis	
  

strategy	
  (deep	
  learning?,	
  more	
  clever	
  variables?,	
  more	
  clever	
  categories?,	
  very	
  pure	
  
categories?,	
  …)	
  

•  Could	
  probably	
  reach	
  limits	
  B(Hàµτ)	
  <	
  0.01-­‐0.05%	
  (or	
  a	
  discovery!),	
  assuming	
  S/B	
  ra5o	
  
similar	
  to	
  LHC	
  Run-­‐2	
  (requires	
  trigger	
  and	
  reco	
  improvements)	
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What	
  to	
  expect	
  in	
  the	
  far	
  future?	
  
•  The	
  ILC	
  and	
  CEPC	
  would	
  

also	
  be	
  sensiBve	
  to	
  LFV	
  H	
  
decays	
  

•  Much	
  cleaner	
  environment	
  
than	
  LHC:	
  
–  O(10)	
  bkg	
  events	
  expected	
  

•  Could	
  reach	
  limits	
  on	
  
B(Hàeτ/µτ)	
  around	
  0.01%.	
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arXiv:1711.07243	
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H(125)àeµ	
  

ATLAS,	
  139	
  Z-­‐1	
  at	
  13	
  TeV:	
  arXiv:1909.10235	
  



ATLAS	
  Hàeµ,	
  139	
  Z-­‐1	
  

•  Strong	
  constraints	
  on	
  Yeµ	
  from	
  
µàeγ	
  measurement	
  and	
  electron	
  
dipole	
  moment,	
  but	
  assumpBons	
  
involved	
  	
  

•  Unbinned	
  fit	
  of	
  a	
  narrow	
  resonance	
  
over	
  a	
  smooth	
  decreasing	
  
background	
  

•  B(Hàeµ)	
  <	
  6.2	
  x	
  10-­‐5	
  	
  
•  8	
  TeV	
  CMS:	
  B(Hàeµ)	
  <	
  3.4	
  x	
  10-­‐5	
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arXiv:1909.10235	
  



23	
  

LFV	
  decays	
  of	
  lighter/heavier	
  H	
  

CMS,	
  36	
  Z-­‐1	
  at	
  13	
  TeV:	
  arXiv:1911.10267	
  
	
  

LHCb,	
  2	
  Z-­‐1	
  at	
  8	
  TeV:	
  arXiv:1808.07135	
  



LHCb	
  search	
  for	
  hàµτ
•  8	
  TeV	
  search,	
  arXiv:1808.07135	
  
•  Light	
  2HDM	
  Higgs	
  boson	
  with	
  LFV	
  decays,	
  45	
  <	
  m	
  <	
  

195	
  GeV	
  
•  Probing	
  forward	
  rapidity	
  region	
  
•  TargeBng	
  ggH	
  producBon	
  

•  4	
  decay	
  channels	
  studied:	
  µτe,	
  µτµ,	
  µτ1prong,	
  µτ3prong	
  
•  3	
  categories:	
  low	
  (opBmal	
  for	
  m	
  <	
  75	
  GeV),	
  central,	
  

high	
  (m	
  >	
  85	
  GeV)	
  
•  QCD	
  and	
  Vj	
  backgrounds	
  taken	
  from	
  data	
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Central	
  
µ	
  +	
  3-­‐prong	
  

Central	
  
µ	
  +	
  µ	
  



LHCb	
  search	
  for	
  hàµτ,	
  8	
  TeV	
  

•  No	
  significant	
  excess	
  

•  ContribuBons	
  from	
  decay	
  
channels	
  depend	
  on	
  mass	
  

•  Complementary	
  to	
  ATLAS	
  and	
  
CMS:	
  
–  At	
  125	
  GeV:	
  B(hàµτ)	
  <	
  26%	
  
–  But	
  exploring	
  low	
  mass	
  region	
  too	
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LFV	
  decays	
  of	
  	
  
heavy	
  Higgs	
  bosons	
  
•  Mass	
  range	
  probed:	
  200-­‐900	
  GeV	
  
•  Categories	
  based	
  on	
  the	
  number	
  

of	
  jets	
  

•  Special	
  axenBon	
  to	
  the	
  
descripBon	
  of	
  the	
  collinear	
  mass	
  
spectrum,	
  even	
  in	
  the	
  tails	
  

•  No	
  significant	
  excess	
  observed	
  at	
  
any	
  mass	
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Summary	
  



Summary	
  
•  Hàµτ/eτ	
  searches	
  performed	
  at	
  the	
  LHC	
  are	
  complex	
  and	
  already	
  exclude	
  

BR	
  below	
  the	
  percent	
  level	
  
•  Searches	
  for	
  lighter	
  or	
  heavier	
  LFV	
  Higgs	
  boson	
  decays,	
  or	
  for	
  LFV	
  decays	
  

in	
  the	
  eµ	
  final	
  state	
  are	
  also	
  performed	
  

•  In	
  the	
  short	
  term	
  (Run-­‐2),	
  we	
  can	
  expect	
  significant	
  improvements	
  from	
  
larger	
  integrated	
  luminosity,	
  and	
  improved	
  background	
  methods	
  and	
  
object	
  reconstrucBon	
  

•  In	
  the	
  longer	
  term	
  (HL-­‐LHC),	
  constraints	
  could	
  go	
  down	
  to	
  O(10-­‐4)	
  because	
  
of	
  large	
  datasets,	
  reduced	
  systemaBcs,	
  and	
  analysis	
  improvements	
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Backup	
  



HL-­‐LHC	
  systemaBc	
  uncertainBes	
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SimulaBons	
  ATLAS	
  Hàeτ/µτ
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A	
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ATLAS	
  discriminaBve	
  variables	
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LHCb	
  selecBon	
  
and	
  systemaBcs	
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ATLAS	
  eτ	
  final	
  distribuBons	
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eτµ,	
  non-­‐VBF	
   eτµ,	
  VBF	
   eτh,	
  non-­‐VBF	
   eτh,	
  VBF	
  



Tau	
  lepton	
  decays	
  
•  Taus	
  decay	
  almost	
  immediately	
  in	
  the	
  detector	
  

•  Leptonic	
  decays:	
  1	
  electron	
  or	
  1	
  muon	
  (	
  +	
  2	
  neutrinos)	
  
•  Semi-­‐hadronic	
  decays	
  (τh):	
  charged	
  hadrons	
  +	
  neutral	
  hadrons	
  (	
  +	
  1	
  neutrino)	
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